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ABSTRACT

African wave disturbances (AWDs), an important trigger of Sahel summer rainfall, are studied using ECMWF
gridded datasets for July and August 1987 and 1988. Power spectra of time series of 700-mb meridional winds
near Niamey taken from analyses at both 2° X 2.5° and 4° X 5° horizontal resolution are compared to spectra
based on Niamey station data. In addition, spatial distributions of meteorological fields at both resolutions are
discussed for three case studies, including the synoptic features of several AWDs. Additional examples are
presented from GCM simulations at comparable horizontal resolutions. While vertical motion and divergence
centers were more extreme at 2° X 2.5°, many of the deduced characteristics of an AWD were similar at both
resolutions. The higher-resolution analyses and simulation show a sharp transition across wave troughs between
lower-tropospheric convergence (uplift) on the west and divergence (subsidence) on the east for several AWDs.
For the two more southerly AWDs analyzed here, uplift associated with the convergence ahead of the trough
appears to be displaced to the southwest at midtropospheric altitudes. Twice-daily July—September precipitation
at Niamey is wesakly, but significantly, correlated with corresponding time series of ECMWF analyzed vertical

motion at nearby grid points.

1. Introduction

An early description of African wave disturbances
(AWDs) with periods of generally 3-5 days was given
by Burpee (1972), based on spectral analyses of tro-
pospheric meridional winds observed at selected sta-
tions in northern Africa. This synoptic feature of the
Sahel’s summer climate is significant because much of
the season’s rainfall occurs in organized squall lines
(Lamb and Peppler 1991) that are imbedded within an
AWD (Fortune 1980; Landsea and Gray 1992). In fact,
Duvel (1988) determined that about 50% of the inter-
diurnal variance of outgoing longwave radiation rep-
resenting Sahel summer convection is accounted for by
spectral periodicities of 2.6-8.4 days, an interval that
includes the periods of observed AWDs (Reed et al.
1977). Reed et al. (1988a) reported that the ECMWF
T106 resolution operational system was quite successful
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in tracking and forecasting the movement of AWDs dur-
ing August and September 1985. The three-dimensional
structure of spectral properties of circulation and tem-
perature associated with AWDs is described by Reed et
al. (1988b) based on the same ECMWF analyses, grid-
ded at 3° X 3° horizontal resolution. They concluded
that these data realistically portrayed AWD character-
istics and ‘“ have much potential value for documenting
wave behavior . .. and for improving the diagnosis of
basic physical mechanisms.”

To study the contribution of AWDs to the interannual
variability of precipitation at Niamey, Druyan et al.
(1996) (hereafter DL S) used ECMWF observed datasets
gridded at 4° latitude by 5° longitude. Several benefits
of the the 4 X 5 arrays were perceived, even though
the same datasets are available at the spatial resolution
of 2° latitude by 2.5° longitude. For example, the burden
of data handling for twice daily global arrays makes it
attractive to find applications for the 4 X 5 data, which
are archived at the Data Assimilation Office of the
NASA/Goddard Space Flight Center. Moreover, repre-
sentation of the various meteorological distributions at
the coarser spatial resolution facilitates comparisons
with simulations represented on a similar grid by the
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standard climate model of the NASA/Goddard Institute
for Space Studies (GISS GCM) in the context of an
ongoing project.

We have recently begun to analyze GISS GCM sim-
ulationsmade at 2° X 2.5° horizontal resolution, lending
greater motivation to diagnostic studies of AWDs with
the corresponding 2° X 2.5° ECMWF analyses. The
purpose of this paper, therefore, isto compare and con-
trast the representation of rain-producing synoptic fea-
tures over the Sahel, especially AWDs, at the two res-
olutions in analyses and GCM simulations.

We note at the outset that evaluation of the 2° X 2.5°
analyses raises several questions. For a data-sparse re-
gion such as West Africa, where the spacing between
real-time observing stations can be greater than the grid
spacing at either resolution, the gain achieved by a
straightforward interpolation of observations to the
higher-resolution grid is not obvious. However, Tren-
berth (1992) points out that higher spatial resolution
structures are created by the ECMWF analysis scheme
because it uses 6-h model predictions as *‘first-guess”
fields and model integrations as part of the data inter-
polation. Moreover, some of these features may be in-
fluenced by the specified surface topography (T. Palmer
1996, personal communication). Finally, assimilation of
satellite-derived data sometimes enhances the coverage
provided by ground stations. To aid in the assessment
of any advantages of the 2° X 2.5° analyses, compari-
sons are here made versus impacts resulting from these
resolution differences in GISS GCM simulations. Syn-
optic details unique to the 2° X 2.5° simulations reflect
the potential benefits of a more realistic representation
of topography and sharper horizontal gradients of model
variables. Parallels between resolution effects for anal-
yses and simulations lend confidence to their meteo-
rological significance since results from the two model
versions are not just interpolation differences.

With the foregoing arguments in mind, we describe
several case studies of synoptic patterns over West Af-
rica during August 1988, including the analysis of sev-
eral AWDs, and compare their depictions at two hori-
zontal resolutions. The advantages of the 2° X 2.5° rep-
resentations, especially with reference to the basic con-
clusionsdiscussed by DLS, are considered in the context
of atmospheric conditions over northern Africafor three
synoptic times and with reference to the properties of
July and August 1987 and 1988 wind spectra and twice
daily rainfall accumulations during July—September
1988.

2. Spectra of 700-mb meridional wind

AWDs are detected as spectral peaks at periods of 3—
6 days in time series of the 700-mb meridional wind
(v7) over West Africa (Burpee 1972; DLS). In DLS we
compared power spectra of Niamey radiosonde v7 dur-
ing July and August versus collocated time series from
4° X 5° ECMWF analyses (Fig. 1). Fewer spectral max-
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ima and, in particular, the absence of high amplitudes
that are present in the radiosonde spectra at periods of
5.5-7 days (Fig. 1le) were presumed to derive from the
inherent spatial and tempora smoothing of the model-
based interpolation. However, one could not be certain
that spatial variability did not introduce additional dif-
ferences, which were magnified by the rather coarse 4°
X 5° representation of the ECMWF data. Figure 1 shows
a comparison of (three point) smoothed v7 spectra for
July and August 1987 and 1988 at grid points nearest
Niamey from ECMWF analyses at each of the two res-
olutions as well as the v7 spectra for the station radi-
osonde observations. It shows that the spectral signa-
ture is affected very little by the interpolation of the
analyses to the coarser grid, except that amplitudes are
higher for the finer resolution. The periods of all of the
major peaks are the same for both resolutions and, in
fact, the correlation coefficients between the spectrain
Figs. 1c and 1d and between the spectrain Figs. 1h and
1i are both 0.98, which has a near zero probability of
being by chance. The correlation coefficients between
each of the ECMWF spectra and the Niamey results
(Figs. le,j) are somewhat lower: 0.82—0.85 for 1987 and
0.68-0.71 for 1988. Thus, differences between either of
the ECMWF spectra and the Niamey spectra are larger
than differences owing to resolution, sustaining the orig-
inal assumption that the objective gridding procedure,
regardless of the resolution, alters the properties of time
series of the raw station data (Figs. le)j).

3. Horizontal fields

We also compared several ECMWF meteorological
fields, used in the DLS study of AWDs, at the two
resolutions over West Africa. The most striking im-
pression was that maximaand minimaof vertical motion
and divergence took on a wider range of values at the
higher resolution, although their spatial patterns were
usually represented fairly well at 4° X 5°. Smaller dif-
ferences were noted for distributions of specific humid-
ity and horizontal circulation. The discussion below fo-
cuses on the atmospheric conditions for three selected
synoptic times.

DLS described the synoptic conditions at 1200 UTC
on 7 August 1988, immediately preceding the accu-
mulation of some 29 mm of precipitation at Niamey
(13°N, 2°E) during an 11-h period. According to our
interpretation of ECMWF gridded analyses, this event
was not AWD related. It was rather distinguished by a
broad area of uplift in the midtroposphere (v = Ap/At
< 0, Figs. 2a,b), coupled with widespread upper-tro-
pospheric divergence (DIV = Au/Ax + Au/Ay > 0O, Figs.
2c,d). Comparison of the analyses of these fields at both
resolutions leads to the same conclusion as above re-
garding influences over Niamey. Elsewhere, the centers
of vertical motion and divergence are somewhat stron-
ger in the higher resolution representation, and w < 0
does not always coincide with DIV > 0.
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FiG. 1. Spectral amplitudes as afunction of period for July and August time series of the 700-mb meridional
wind. (a) Northwest of Niamey from ECMWF 2° X 2.5° resolution analyses, 1987; (b) northeast of Niamey
from ECMWEF 2° X 2.5° resolution analyses, 1987; (c) the average of (a) and (b); (d) northeast of Niamey
from ECMWF 4° X 5° analyses, 1987; (e) Niamey station data; (f)—(j) like (a)—(d) but for 1988.

Some 12 h of rainfall at Niamey, straddling 0000UTC
11 August 1988, preceded passage of an AWD trough
later that day. The higher resolution analysis of 700-mb
circulation (Figs. 3a, 4a) confirms that the trough line
was east of the station at 0000 UTC. Moreover, the
apparent incongruity of midtropospheric subsidence
(Fig. 3), coinciding with strong low-level convergence
just northeast of Niamey (Fig. 4), remains when the
fields are depicted at 2° X 2.5° resolution. Figure 4b
shows a schematic of vertical motion and divergence
based on the 2° X 2.5° analyses at the standard pressure
levels over the strong 850-mb convergence west of the
AWD trough (18°N, 2.5°E) that was approaching Nia-
mey.

Divergence associated with shear instabilities below

the African easterly jet initiate rising motions within the
|lower troposphere. In Duvel’s (1990) AWD composites,
al so based on ECMWF analyses, uplift ahead of troughs
near 20°N is often confined to the lower layers. How-
ever, his composites for AWDs in the moist regime near
10°N indicate that |arge-scale vertical motion there often
penetrates the midtroposphere, undoubtedly buoyed by
the release of latent heat in moist convection. We now
examine the vertical distribution of vertical motion as-
sociated with the analyses of 0000 UTC 11 August
1988.

Figures 5a—f show spatial distributions of the vertical
motion w at three levels based on analyses at both res-
olutions (for 0000 UTC 11 August 1988), eachincluding
a sketch of the AWD circulation (700 mb). In both re-
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Fic. 1. (Continued)

presentations, « maxima and minimawere |ess extreme
at 500 mb than at the lower two levels. In the lower
troposphere, the coarser-resolution representations
(Figs. 5b,c) indicate a single broad area of uplift from
Niamey extending northwest almost to the coast. A very
strong center of uplift at 20°N, 10°W was associated
with what appears at this resolution to be a very gentle
wave feature within the 700-mb circulation, overlying
a closed cyclonic rotation of the 850-mb winds (Fig.
6b).

The analyses at 2° X 2.5° resolution (Figs. 5d-f) in-
dicate that the two distinct centers of uplift over West
Africawere separated by strong subsidence in the lower
troposphere, implying that each of two African waves
was creating bands of alternating w of opposite sign. In

particular, at both 850 and 700 mb, uplift was analyzed
within the trough of the more northerly wave and down-
stream (west) of the more southerly wave trough. Strong
midtropospheric uplift is shifted to the southwest of
Niamey. Subsidence was situated east of the northerly
trough but closer to the apex of the more southerly
trough. In any case, rainfall at Niamey was consistent
with the analysis of upward vertical motion within the
lower troposphere (not examined in DLS), and not with
the w field at 500 mb, whose values varied from near
zero over the station to positive values upstream, im-
plying approaching subsidence. The schematic in Fig.
4b indicates that the confinement of strong uplift near
Niamey to the lower troposphere may have been related
to significant midtropospheric divergence.
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FiG. 2. Spatial distributions of 500-mb vertical motion w (10-2 mb s~2) and 200-mb divergence
DIV2 (106 s7%) at 1200 UTC 7 August 1988. (a) w, ECMWF 2° X 2.5°% (b) &, ECMWF 4° X
5°% (c) DIV2, ECMWF 2° X 2.5°% and (d) DIV2, ECMWF 4° X 5°. Broken linesindicate negative
values and therefore uplift or convergence. The location of Niamey is indicated (N).

Spatial distributions of 850-mb circulation and spe-
cific humidity at this synoptic time are remarkably sim-
ilar for both resolution analyses (Fig. 6).

Figures 7-10 show the spatial distribution of these

30
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Fic. 3. Spatia distribution of 700-mb circulation (arrows) and
500-mb vertical motion (contours, 102 mb s%) at 0000 UTC 11
August 1988: () ECMWF 2° X 2.5° and (b) ECMWF 4° X 5°. Broken
contours and shading indicate negative values and therefore uplift.
Heavy broken lines mark AWD troughs and the location of Niamey
is indicated (N).

same fields at 1200 UTC 15 August 1988, the midpoint
of a heavy rain event at Niamey also associated with
an AWD passage. Regarding the more southerly AWD,
uplift associated with the trough and 850-mb conver-
gence, as before, does not penetrate vertically to 500
mb according to analyses at both resolutions (Fig. 7).
However, Figs. 9d—f suggest that the @ minimum near
Niamey was tilted southwestward with altitude, perhaps
explaining the seeming violation of mass continuity in
the schematic representing conditions over 15°N, 5°E
(Fig. 8b). The AWD trough was about 6° longitude east
of Niamey at 1200 UTC (Fig. 8a), and vigorous uplift
ahead of the trough in the lower layers was prompted
by strong convergence at 1000 and 850 mb. This broad
area of rising motion, apparently associated with the
approaching AWD, was consistent with the observation
of some 26 mm of precipitation at Niamey on 15 August
1988.

Uplift associated with the more northerly AWD on
15 August 1988 (1200 UTC) extended at least to 500
mb (Fig. 9). Only the higher-resolution analysis shows
that lower-tropospheric (850 and 700 mb) uplift oc-
curred within the wave trough, rel egating the subsidence
to an area well east of the wave axis (Figs. 9e/f).

Duvel (1990) described the relative positions of lower-
tropospheric convergence and wave troughs for two lati-
tude swaths over West Africa, based on composites taken
from ECMWF analyses representing the drought summers
of 1983, 1984, and 1985. Duvel (1990) and Reed et al.
(1977) have associated this convergence with convec-
tion and rainfall, but Duvel (1990) also showed that the
growth of convective clouds isinhibited over the north-
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Fic. 4. (a) Spatial distribution of divergence at 850 mb (10-¢ s*) at 0000 UTC 11 August
1988 for the ECMWF analysis at 2° X 2.5° horizontal resolution; (b) schematic showing relative
strengths of vertical motion and divergence at standard levels over 18°N, 2.5°E, based on 2° X
2.5° analyses; (c) asin (a) but for 4° X 5°. Streamflow lines are based on the analyses of 700-mb
winds shown in Fig. 3. Broken lines indicate negative values and therefore convergence. Heavy
broken lines mark AWD troughs and the location of Niamey is indicated (N).

Fic. 5. Spatial distribution of vertical motion (10-2 mb s%) at three pressure levels at 0000
UTC 11 August 1988 for analyses at 4° X 5° horizontal resolution (a)—(c), and at 2° X 2.5°
resolution (d)—(f). Streamflow lines are based on the analysis of 700-mb winds shown in Fig.
3. The location of Niamey is indicated (N).
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FiG. 6. Spatial distribution of 850-mb circulation (arrows) and spe-
cific humidity (g kg=*) at 0000 UTC 11 August 1988: (a) ECMWF
2° X 25° and (b) ECMWF 4° X 5°. The location of Niamey is
indicated (N).
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ern Sahel where northerly circulation drawsin very dry
desert air, despite the convergence. DLS showed that
such circumstances can also occur at Niamey.

Figures 4a and 8a offer the opportunity to examine
the spatial distribution of 850-mb convergence associ-
ated with several AWDs during the relatively rainy
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Fic. 7. Spatial distribution of 700-mb circulation (arrows) and
50-mb vertical maotion (contours, 10-2mb s~*) at 1200 UTC 15 August
1988: (a) ECMWEF 2° X 2.5° and (b) ECMWEF 4° X 5°. Broken lines
and shading indicate negative values and therefore uplift. Heavy bro-
ken lines mark AWD troughs and the location of Niamey isindicated

(N).

month of August 1988 at the detail provided by the 2°
X 2.5° resolution. In Fig. 4a, the trough of the more
western AWD borders the eastern edge of one conver-
gence center at 20°N, 7°W, while the second trough

200 mb

500 mb

700 mb

850 mb
1000 mb

s

-20 -10 o

Fic. 8. (a) Spatial distribution of divergence at 850 mb (10-¢ s7%) at 12000 UTC 15 August
1988 for the ECMWF analysis at 2° X 2.5° horizontal resolution; (b) schematic showing relative
strengths of vertical motion and divergence at standard levels over 15°N, 5°E, based on 2° X
2.5° analyses; (c) asin (a) but for 4° X 5°. Streamflow lines are based on the analyses of 700-mb
winds shown in Fig. 7. Broken lines indicate negative values and therefore convergence. Heavy
broken lines mark AWD troughs and the location of Niamey is indicated (N).
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Fic. 9. Spatial distribution of vertical motion (1072 mb s%) at three pressure levels at 1200
UTC 15 August 1988 for analyses at 4° X 5° horizontal resolution (a)—(c), and at 2° X 2.5°
resolution (d)—(f). Streamflow lines are based on the analysis of 700-mb winds shown in Fig. 7.

The location of Niamey is indicated (N).

borders the eastern edge of convergence centered at
18°N, 2.5°E. This juxtaposition conforms to Duvel's
(1990) composites, which show convergence west of
the AWD trough, but more detail is provided here by
examination of the current case studies. For example,
Fig. 4a shows that the convergence zones envelop the
troughs, while the extremes are imbedded within the
northeasterly circulation less than one-quarter wave-
length to the west. Divergence brackets these areas on
the upstream and downstream sides. The rather shallow
wave at 20°N, 2.5°W in Fig. 8a is accompanied by a
limited area of convergence just downstream of the
trough and a more extensive area on the upstream side,
separate features that are not well resolved at the coarser
resolution (Fig. 8b). The more southerly AWD also fea-
tures convergence areas running across the trough from
the southeasterly to the northeasterly circulation. We do
not know whether the convergence zones east of the
troughs were associated with the dynamics of the AWD,
but this morphology nevertheless does depart from the
classical model depicted by compositing (Reed et al.
1977).

Figure 9 shows that at 1200 UTC 15 August 1988,
vigorous upward vertical motion was analyzed at 850
and 700 mb over Niamey (reporting precipitation) and
eastward to the adjacent AWD trough. As previously

mentioned, this uplift did not reach 500 mb (Fig. 8b),
but it appears to have been displaced southwestward
with altitude (Fig. 9).

Reed et al. (1988b, Fig. 6¢) show a north—south/ver-
tical cross section of the variance of w in atime series
band passed for 3- to 4-day periods, based on ECMWF
gridded data for August and September 1985. The max-
imum o variance, interpreted as a manifestation of tra-
versing AWD, was between 15° and 20°N at 850 mb,
but tilted southward with altitude, reaching 9°N at 500
mb. Their results suggest that the waves' influence on
vertical velocity diminishes rapidly with altitude di-
rectly above the strongest uplift between 850 and 700
mb. Rather, the region of modulated w istilted, reaching
the midtroposphere at a horizontal displacement from
the lower-tropospheric activity. We believe that the dis-
tributions of o in Figs. 5 and 9, taken from August
1988, demonstrate this characteristic for two case stud-
ies.

To more systematically examine the vertical structure
of vertical motion during rainfall events, we computed
correlations between twice-daily precipitation accu-
mulations at Niamey during July—September 1988, 244
observations in al, versus the corresponding ECMWF
analyzed (at 2° X 2.5°) vertical motion at nearby grid
points. Figure 11 shows the spatial distributions of the
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Fic. 10. Spatial distribution of 850-mb circulation (arrows) and
specific humidity (g kg=*) at 1200 UTC 15 August 1988: () ECMWF
2° X 2.5° (b) ECMWEF 4° X 5°. The location of Niamey isindicated
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correlation coefficients in the vicinity of Niamey at 850,
700, and 500 mb, where negative values indicate the
association of uplift with precipitation. Although al of
the correlations are rather weak, several are significant
at the 99% confidence level and severa others at the
95% confidence level. Figure 11 shows that the corre-
|ations decrease away from the station, most rapidly to
the west. The relationship is strongest at 700 mb and
weakest at 500 mb, where high correlations are favored
south of the station, recalling the vertical tilt of w vari-
ance for August and September 1985 documented by
Reed et al. (1988b). The correlation between the same
precipitation time series and 700-mb vertical motion
from the grid point northeast of Niamey in the 4° X 5°
resolution analyses was —0.24, which is also significant
at the 99% confidence level. However, because of the
larger distances between grid points in the coarser res-
olution, no meaningful spatial pattern of correlation co-
efficients is evident.

By way of contrast, upward motion up to and in-
cluding 500 mb was apparent near the trough of the
more northerly AWD (Fig. 9). These particular examples
do not fit the Duvel (1990) composite analyses, which
found that uplift associated with AWD as far north as
20°N was more likely to to be shallow than uplift as-
sociated with AWD closer to 10°N. This discrepancy is
probably due to Duvel’s use of composite analysis,
which averages the features of a number of AWDs.
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Fic. 11. Spatial distribution of correlation coefficients between
twice-daily precipitation accumulations at Niamey July—September
1988 and corresponding values of ECMWF analyzed vertical motion
at nearby grid points. Significance at the 99% confidence level is
marked by double asterisks, at the 95% confidence level by single
asterisks. The location of Niamey is indicated (N).

Thus, uplift at a particular level in one wave, averaged
with subsidence in another wave, can produce near zero
vertical motion in the composite. A strong motivation
for diagnosing individual cases, as in this study, is that
the integrity of unique wave structures is preserved in
the analysis.

The GISS GCM has been used to study AWDs, pri-
marily at 4° X 5° grid resolution (Druyan and Hall 1994,
1996), although a single simulation has now been an-
alyzed from a version with comparable physics run at
2° latitude by 2.5° longitude horizontal resolution. It is
instructive to compare differences in simulated AWDs
at the two horizontal resolutions with some of the an-
alyzed differences discussed above. Figure 12a shows
spatial distributions of divergence (at approximately 890
mb) and horizontal circulation, which includes an AWD
(at approximately 780 mb) from an arbitrarily chosen
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model integration for August at the coarser resolution.
The same fields from the 2° X 2.5° run are shown in
Fig. 12b. Both simulated AWD feature lower-tropo-
spheric convergence southwest of the wave apex and
divergence east of the troughs, as in the ECMWF anal-
yses (Figs. 4 and 8). However, the divergence extremes
are considerably stronger in the higher-resolution ver-
sion, which also reveals a sharp transition from con-
vergence to divergence at the trough line. Thesefeatures
reflect the effects of integration on the higher-resolution
grid, including sharper horizontal gradients of model
variables and of surface topography, and are not mere
by-products of interpolation, as in the case of the
ECMWF analyses. Although this is but a single ex-
ample, these parallels between resolution effects for
analyses and simulations lend confidence to their me-
teorological significance, and they demonstrate some of
the advantages gained by the finer grid.

4. Conclusions

Several synoptic situations associated with summer
rainfall at Niamey (Niger) have been examined. We
found that ECMWF analyses gridded at 4° X 5° hori-
zontal resolution depict the gross features of circulation
associated with AWDs over West Africa, which can be
confirmed by comparing them with the corresponding
datasets gridded at 2° X 2.5° resolution. Even at the
higher resolution, analyzed vertical motion patterns at
500 mb are not well correlated with areas of low-level
convergence, AWD troughs, or o at lower levels. Pre-
vious studies showed that 500 mb is not the level of
maximum vertical motion associated with AWD. In two
AWD-related Niamey rain events discussed here, uplift
over the station was most pronounced within the lower
troposphere and was displaced to the southwest at 500
mb. Significant correlations between Niamey rainfall
and analyzed vertical motion, especially at 700 mb, re-
flect the influence of the occasional synoptic event, such
as depicted in the above case studies, as a trigger for
precipitation at the station. The weakness of the cor-
relations, however, indicates that many rainfall events
are not necessarily timed with the most extreme values
of analyzed uplift, either because of the variability of
available moisture or because mesoscal e convection can
be dissociated from broad-scale patterns.

Two AWD analyzed here at higher latitudes (near
20°N) showed less vertical tilt to the zone of uplift than
their more southerly counterparts, contrary to aprevious
finding. Analyses based on the higher-resolution data
and the higher-resolution GCM simulation resolve other
somewhat finer features of midtropospheric waves,
showing sharp transitions between lower-tropospheric
convergence (divergence) and uplift (subsidence) across
wave troughs. There were also examples showing
850-mb convergence and uplift situated within troughs.

The study shows that the spatially coherent and time-
continuous data provided by model-generated analyses
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Fic. 12. Spatial distribution of simulated 780-mb circulation (ar-
rows) and divergence at 890 mb (10-° s %) by GISS GCM. Com-
putational grid resolutions: (a) 4° latitude by 5° longitude and (b) 2°
latitude by 2.5° longitude.

and simulations are useful for investigating the behavior
of individual AWD. While generalizations are best sup-
ported by the summary of many examples, the analysis
of individual case studies preserves features of distinc-
tive systems that can be hidden by composites on which
previous models of AWDs have been based.
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